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Purpose	
  and	
  Approach	
  

•  Objec0ve:	
  	
  Recommend	
  a	
  primary	
  and	
  backup	
  coronagraph	
  architecture	
  to	
  
focus	
  design	
  and	
  technology	
  development	
  to	
  maximize	
  readiness	
  for	
  new	
  
mission	
  start	
  in	
  FY17	
  

•  Recommenda4on	
  by	
  ExEPO	
  and	
  ASO	
  based	
  on	
  inputs	
  from	
  
–  AFTA	
  SDT:	
  	
  Sets	
  the	
  science	
  requirements	
  
–  ACWG:	
  	
  Delivers	
  technical	
  FOMs	
  and	
  technology	
  plans	
  

	
  >	
  Aim	
  for	
  the	
  posi-ve:	
  a	
  consensus	
  product	
  
	
  >	
  SDT	
  delivers	
  science	
  FOMs	
  

–  TAC:	
  	
  Analysis	
  of	
  technical	
  FOM,	
  TRL	
  readiness	
  	
  
plans,	
  and	
  risks	
  

•  ExEPO	
  and	
  ASO	
  recommenda4on	
  to	
  APD	
  Director	
  	
  
based	
  on:	
  
–  Technical	
  and	
  Programma4c	
  criteria	
  
–  Musts	
  (Requirements),	
  Wants	
  (Goals),	
  and	
  Risks	
  
–  Opportuni4es	
  

•  APD	
  Director	
  will	
  make	
  the	
  decision	
  
2 

ACWG = AFTA 
Coronagraph Working 
Group:  representatives of 
ExEPO, ASO, SDT, 
Community 

TAC: Technical Analysis 
Committee 
Alan Boss (Carnegie Inst.) 
Joe Pitman (EXSCI) 
Steve Ridgway (NOAO) 
Lisa Poyneer (LLNL) 
Ben Oppenheimer (AMNH) 

Acronyms: 
ExEPO:  Exoplanet Expl. Prog. Office 
ASO:  AFTA Study Office 
SDT:  Science Definition Team 
FOM:  Figure of Merit 
TRL:  Technology Readiness Level 
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ACWG	
  Membership	
  

•  These	
  represent	
  Program,	
  Study	
  Office,	
  SDT,	
  and	
  Community:	
  
	
  

	
  

Addi4onal	
  consultants	
  par4cipate	
  at	
  request	
  of	
  Steering	
  Group	
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Members:	
  
Jeremy	
  Kasdin	
  (Princeton	
  U)	
  
Mark	
  Marley	
  (NASA	
  ARC)	
  
Marc	
  Clampin	
  (NASA	
  GSFC)	
  
Olivier	
  Guyon	
  (UofA)	
  
Gene	
  Serabyn	
  (NASA	
  JPL)	
  
Stuart	
  Shaklan	
  (NASA	
  JPL)	
  
Remi	
  Soummer	
  (STScI)	
  
John	
  Trauger	
  (NASA	
  JPL)	
  
Marshall	
  Perrin	
  (STScI)	
  
Rick	
  Lyon	
  (NASA	
  GSFC)	
  
Dave	
  Content	
  (NASA	
  GSFC)	
  
Mark	
  Melton	
  (NASA	
  GSFC)	
  
Cliff	
  Jackson	
  (NASA	
  GSFC)	
  
John	
  Ruffa	
  (NASA	
  GSFC)	
  
Jennifer	
  Dooley	
  (NASA	
  JPL)	
  
Mike	
  Shao	
  (NASA	
  JPL)	
  

Workshop	
  Organizers:	
  
Gary	
  Blackwood	
  (NASA	
  JPL)	
  
Kevin	
  Grady	
  (NASA	
  GSFC)	
  
Feng	
  Zhao	
  (NASA	
  JPL)	
  
	
  
Steering	
  Group:	
  
Scott	
  Gaudi	
  (OSU)	
  
Neil	
  Gehrels	
  (NASA	
  GSFC)	
  
Dave	
  Spergel	
  (Princeton	
  U)	
  
Tom	
  Greene	
  (NASA	
  ARC)	
  
Chas	
  Beichman	
  (NExScI)	
  
Jeff	
  Kruk	
  (NASA	
  GSFC)	
  
Karl	
  Stapelfeldt	
  (NASA	
  GSFC)	
  
Wes	
  Traub	
  (NASA	
  JPL)	
  
Bruce	
  MacIntosh	
  (LLNL)	
  	
  
Peter	
  Lawson	
  (NASA	
  JPL)	
  
	
  

Charter 

AFTA Coronagraph Working Group 
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Consultants	
  and	
  Guests	
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Execu0ve	
  Summary	
  

•  Intended	
  Results	
  of	
  this	
  Briefing:	
  
–  Provide	
  Recommenda4on	
  for	
  Primary	
  and	
  Backup	
  coronagraph	
  architectures	
  for	
  AFTA	
  
–  Request	
  APD	
  approval	
  and	
  announcement	
  

•  Execu0ve	
  Summary:	
  
–  Community	
  working	
  group	
  conducted	
  an	
  open,	
  technical	
  evalua4on	
  using	
  public	
  evalua4on	
  

criteria	
  in	
  a	
  series	
  of	
  workshops	
  and	
  telecons	
  since	
  July	
  2013	
  
–  We	
  reached	
  a	
  broad	
  consensus	
  on	
  the	
  basis	
  for	
  the	
  recommenda4on	
  
–  Three	
  strong	
  technologies	
  emerged,	
  spanning	
  the	
  risk/performance	
  con4nuum	
  
–  The	
  independent	
  Technical	
  Analysis	
  Commi`ee	
  (TAC)	
  concurred	
  with	
  the	
  basis	
  and	
  with	
  findings	
  

of	
  ACWG	
  
–  Recommenda4on:	
  

•  Primary	
  Architecture:	
  	
  Occul4ng	
  Mask	
  Coronagraph	
  (OMC)	
  that	
  includes	
  masks	
  for	
  Shaped	
  
Pupil	
  Coronagraph	
  (SPC)	
  and	
  Hybrid	
  Lyot	
  Coronagraph	
  (HLC)	
  

•  Backup	
  Architecture:	
  	
  Phase-­‐Induced	
  Amplitude	
  Apodiza4on	
  Complex	
  Mask	
  Coronagraph	
  
(PIAACMC)	
  

–  Recommenda4on	
  best	
  minimizes	
  risk,	
  preserves	
  op4ons	
  to	
  protect	
  the	
  project	
  schedule,	
  
advances	
  technologies,	
  and	
  preserves	
  possibili4es	
  of	
  increased	
  science	
  yield	
  

–  Plan	
  for	
  Recommenda4on	
  to	
  reach	
  TRL	
  5	
  is	
  feasible	
  (technically)	
  and	
  credible	
  within	
  exis4ng	
  
resources	
  (schedule,	
  cost)	
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Gary Blackwood 
Kevin Grady  

See full package and decision memo at 
http://wfirst.gsfc.nasa.gov/ 
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Coronagraph	
  Instrument:	
  	
  Several	
  Technologies	
  
Example:	
  	
  Classical	
  Lyot	
  Coronagraph	
  Design	
  

DM #1 
with FSM" DM #2"

LOWFS"
FPA"

Masks, 
Apodizers"

Flip 
Mirror"

IFS" IFS FPA"

Post-processing"

Imaging 
FPA"

high–order wavefront control loop  "
(WF aberrations due to imperfections in optics)"

jitter correction loop"
(pointing stability)"

low-order wavefront control loop"
(WF aberrations due to thermal 

changes) "

Simulated 
light from 

star and 
planet 

AFTA 
pupil"

Optics 

Control 

Detector 

The architecture  
downselect 

Post-processing"
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Evalua0on	
  Criteria:	
  	
  
Defining	
  a	
  Successful	
  Outcome	
  for	
  AFTA	
  

7 

Science Threshold 

Science Beyond Threshold 

Risk of not meeting Threshold 

Oppty:  Science if Jitter lower, 
Speckle subtraction better  

Indicates Sig. 
Discriminator 

Where is Science Considered? 

Where is Technology Plan and 
Risk Considered? 
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Coronagraph	
  Mask	
  Architectures	
  

Pupil Masking (Kasdin, Princeton  
University) 

Pupil Mapping  
(Guyon, Univ. Arizona) 

Image Plane 
Phase Mask (Serabyn, JPL) 

Image Plane Amplitude & Phase  
Mask (Trauger, JPL) 

Visible Nuller – Phase Occulting 
(Clampin, NASA GSFC) Visible Nulller - DAVINCI 

(Shao, JPL) 

HLC SPC 

VVC VNC-PO VNC(2) - DAVINCI 

PIAACMC 
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10%	
  Bandwidth	
  Results	
  and	
  Rela0ve	
  Assessment	
  
using	
  an	
  un-­‐obscured	
  pupil	
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10-11

10-10

10-9

10-8

10-7

10-6

 0  2  4  6  8  10  12  14  16  18

Co
ntr
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Angular Separation (λ/D)

Vector 
Vortex

PIAA (HCIT)
Shaped Pupil

Hybrid Lyot

“Best” 

“Significant Difference” 

“Small Difference” 

“Very Large Difference” 
VNC (No reported results) 
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Intermediate	
  Result:	
  	
  	
  
Contrast	
  vs	
  Angle	
  from	
  Star	
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Intermediate	
  Result:	
  
Performance	
  Sensi0vity	
  to	
  JiTer	
  (examples)	
  

•  Dark	
  Hole	
  contrast	
  improves	
  with	
  
decreasing	
  ji`er	
  

•  Technologies	
  have	
  different	
  
sensi4vi4es:	
  
–  Strong	
  sensi4vity	
  to	
  ji`er:	
  
•  PIAACMC	
  (shown)	
  	
  
•  HLC	
  (shown)	
  	
  
•  VVC	
  
•  VNC	
  

–  Insensi4ve	
  to	
  ji`er:	
  
•  SPC	
  (not	
  shown)	
  

•  Results	
  shown	
  are	
  for	
  simple	
  
“opportunity”	
  evalua4on	
  

•  To	
  fully	
  realize	
  yield	
  of	
  lower	
  ji`er,	
  
masks	
  must	
  undergo	
  another	
  design	
  
cycle	
  at	
  the	
  lower	
  ji`er	
  number	
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Science	
  Results:	
  	
  Greater	
  Science	
  Yield	
  for	
  	
  
Lower	
  JiTer,	
  Greater	
  Speckle	
  Suppression	
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Colors indicate pass/fail vs  
Threshold 
 
Values indicate the Science 
Want “Beyond the Must” for 
Design Point (1.6mas, x10)  

M1-T 

Colors indicate degree of  
Science Benefit for  
Oppty (0.2mas, x30) 

- Calculations of exoplanet yields based on current catalogs of radial 
velocity exoplanets were adequate for comparing architectures.   
- Yields are low due to conservative assumptions on spacecraft jitter and 
limitation of the current sample size 
- We anticipate exceeding the SDT requirement of 6 exoplanet images 
with the AFTA coronagraph based on upcoming engineering studies and 
estimates of exoplanet population knowledge by 2023. 
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Results:	
  	
  Full	
  Trade	
  Matrix	
  

•  Scores	
  entered	
  as	
  
group	
  

•  Consensus	
  sought	
  
but	
  not	
  required;	
  
no	
  dissent	
  
received	
  

•  Consensus	
  
reached	
  aker	
  ~24	
  
hours	
  of	
  group	
  
discussion	
  on	
  all	
  
points	
  but	
  those	
  
indicated	
  in	
  
yellow	
  

•  Other	
  colors	
  for	
  
evalua4on	
  added	
  
akerwards	
  for	
  
presenta4on	
  
clarity	
  

13 Indicates Sig. Discriminator in ACWG discussion 
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TAC	
  Assessment	
  -­‐	
  Summary	
  

• Report	
  of	
  the	
  AFTA	
  TAC:	
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Results	
  (Opportunity):	
  	
  Greater	
  Science	
  Yield	
  for	
  	
  
Lower	
  JiTer,	
  Greater	
  Speckle	
  Suppression	
  

• Revisit	
  Opportunity	
  Science:	
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Colors indicate pass/fail vs  
Threshold 
 
Values indicate the Science 
Want “Beyond the Must” for 
Design Point (1.6mas, x10)  

M1-T 

Colors indicate degree of  
Science Benefit for  
Oppty (0.2mas, x30) 

3 leaders have 
different science 
strengths 
 
Can we choose a 
primary architecture 
that plays to 
combined strengths? 
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X
Y

Z

OMC:	
  
SPC	
  +	
  HLC	
  Instrument	
  Layout	
  

Telescope Fold 

FSM 

DM 2 

DM 1 

Sci Cam  
(in 2nd 
plane) 

FPM  
(Linear 
stage or 

filter 
wheel)  

LOWFS Cam 

LOWFS 

4 SP Masks  
+ 1 mirror (HL) 

Components SP
C

+H
LC 

HL
C 

SP
C 

Coronagraph parabolas 4 2 4 

Coronagraph flat optics 4 2 4 

Coronagraph FP masks 
(SP: 19, HL: 6) 

25 6 19 

Coronagraph Lyot masks 
(HL: 6, SP: 1 - open) 

 7 6 0 

Shaped pupil masks (SP: 
4, HL: 1-mirror) 

5 0 4 

Filter wheel mechanisms 4 3 3 

Lyot 
Masks 

Low increase in overall 
complexity to include both 
SPC and HLC masks 
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Technology	
  Plan	
  Overview	
  
(Preliminary)	
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LOWFS/C #1 
Dynamic Test Static Test TRL-5 

Planning Baseline: 

Option 7 Fits the Schedule: 

HCIT1: Primary Design 

LOWFS/C #2 
Dynamic Test Static Test HCIT2: Backup Design 

SP Static Test 
TRL-5 
(goal) 

HCIT1: HLC, SPC 

PIAA Static Test and  
dynamics test (open loop) 

HCIT2: SP, PIAA 
PIAA 

PIAA TDEM refocused  
on AFTA-relevant work 48x48 DMs 

4/14 8/15 

TRL-5 
(goal) 

1/14 8/14 6/15 
Backup does not include 2nd LOWFSC for closed 
Loop dynamics.  Could be added to reduce risk 

7/14 10/15 

9/16 

9/16 

3/14 

LOWFS/C #1 HLC+SP Dynamic Test  
(closed loop) HLC Static Test TRL-5 

4/14 8/15 9/16 

9/16 

Primary 

Backup 
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Recommenda0on	
  

•  Summary	
  Observa4on:	
  
–  Three	
  leading	
  technologies,	
  all	
  with	
  different	
  strengths	
  and	
  weaknesses,	
  all	
  will	
  benefit	
  from	
  further	
  design	
  

op-miza-on	
  cycles	
  and	
  high	
  contrast	
  lab	
  tes-ng.	
  
•  Recommenda4on:	
  Primary	
  Architecture	
  -­‐	
  Occul0ng	
  Mask	
  Coronagraph	
  (OMC)	
  and	
  Back-­‐up	
  Architecture	
  –	
  

PIAACMC	
  
•  Assump4ons:	
  

–  Plan	
  is	
  to	
  mature	
  both	
  Primary	
  and	
  Backup	
  architecture	
  technologies.	
  	
  The	
  OMC	
  primary	
  includes	
  both	
  HL	
  and	
  
SP	
  masks	
  in	
  a	
  single	
  op4cal	
  design,	
  and	
  the	
  current	
  thinking	
  is	
  that	
  we	
  would	
  fly	
  both	
  masks.	
  	
  

–  If	
  programma4c,	
  technical	
  or	
  scien4fic	
  factors	
  suggest	
  off-­‐ramping	
  of	
  one	
  approach	
  is	
  appropriate	
  (either	
  part	
  
of	
  the	
  primary	
  or	
  the	
  backup),	
  the	
  project	
  will	
  implement	
  that,	
  to	
  maximize	
  performance	
  and	
  minimize	
  risk	
  
going	
  forward.	
  	
  	
  

–  HCIT	
  testbeds	
  will	
  be	
  u4lized	
  to	
  exploit	
  their	
  maximum	
  u4liza4on	
  based	
  on	
  the	
  availability	
  of	
  hardware	
  and	
  the	
  
benefit	
  to	
  the	
  project.	
  

•  Benefits:	
  
–  OMC	
  in	
  its	
  “SP	
  mode”	
  provides	
  the	
  simplest	
  design,	
  lowest	
  risk,	
  easiest	
  technology	
  matura4on,	
  most	
  benign	
  set	
  

of	
  requirements	
  on	
  the	
  spacecrak	
  and	
  “use-­‐as-­‐is”	
  telescope.	
  	
  This	
  translates	
  to	
  low	
  cost/schedule	
  risk	
  and	
  a	
  
design	
  that	
  has	
  a	
  high	
  probability	
  to	
  pass	
  thru	
  the	
  CATE	
  process.	
  

–  In	
  its	
  “HL	
  mode”,	
  the	
  OMC	
  affords	
  the	
  poten4al	
  for	
  greater	
  science,	
  however	
  the	
  increased	
  risk	
  is	
  mi4gated	
  by	
  
the	
  SP	
  safety	
  net.	
  

–  PIAACMC	
  offers	
  the	
  possibility	
  of	
  even	
  greater	
  science	
  and	
  at	
  greater	
  complexity.	
  	
  Hardware	
  demonstra4ons	
  
and	
  more	
  detailed	
  analyses	
  are	
  necessary	
  to	
  substan4ate	
  projected	
  performance.	
  

–  Taken	
  together,	
  the	
  primary	
  &	
  backup	
  architectures	
  afford	
  numerous	
  “built-­‐in	
  descopes”	
  and/or	
  opportuni4es	
  
to	
  accept	
  greater	
  risk	
  due	
  to	
  the	
  diversity	
  of	
  the	
  approach.	
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Kevin Grady  

See full package, decision memo, and updated science estimates at 
http://wfirst.gsfc.nasa.gov/ 
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BACKUP	
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Final	
  Trade	
  Evalua0on	
  
considering	
  OMC=Op0on	
  7	
  

•  Define	
  OMC	
  =	
  
Occul4ng	
  Mask	
  
Coronagraph	
  

•  Includes	
  SPC+HL	
  
masks	
  on	
  different	
  
filter	
  wheels	
  

•  OMC	
  emerges	
  as	
  
strongest	
  candidate	
  
for	
  Primary	
  
Architecture	
  

•  PIAACMC	
  emerges	
  as	
  
the	
  candidate	
  for	
  the	
  
Backup	
  Architecture	
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OMC 

Primary Backup 
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Shaped	
  Pupil	
  

DM1, DM2 Pupil 
mapping 

Apodizer 
mask 

Focal plane 
mask 

Lyot stop Inverse 
pupil 
mapping 

Mild ACAD on 
both DMs 

Binary 
reflection on 
filter wheels 

Binary 
transmission, 
on filter 
wheel 
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FPA 

To LOWFS 

DM1/FSM 

DM2 

ACAD:  Adaptive Correction of Aperture Discontinuities 
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Hybrid	
  Lyot	
  

DM1, DM2 Pupil 
mapping 

Apodizer 
mask 

Occulting 
mask 

Lyot stop Inverse 
pupil 
mapping 

Mild ACAD on 
both DMs 

Complex 
transmission, 
on filter 
wheel 

Transmission, 
grey, fixed 
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FPA 

DM1/FSM 

DM2 

To LOWFS 
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PIAA	
  -­‐	
  CMC	
  

DM1, DM2 Pupil 
mapping 

Apodizer 
mask 

Occulting 
mask 

Lyot stop Inverse 
pupil 
mapping 

Medium ACAD 
on both DMs 

PIAA mirrors Gray scale, 
filer wheels? 

Phase 
transmission, 
on filter 
wheel 

Transmission, 
binary, fixed? 

Inverse PIAA 
mirrors 
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FPA 

To LOWFS 
PIAA 
mirrors 

Inverse 
PIAA 

DM1/FSM 

DM2 
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Priori0za0on:	
  	
  the	
  Technology	
  Gap	
  List	
  

•  Technology	
  gaps	
  iden4fied	
  	
  	
  	
  	
  	
  and	
  described,	
  
gaps	
  technically	
  quan4fied	
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•  Priori4zed	
  for	
  rela4ve	
  
Importance,	
  Urgency,	
  and	
  
Trend	
  

•  Plans	
  created	
  to	
  
re4re	
  the	
  top	
  
priori4es	
  in	
  4me	
  

•  AFTA	
  TGL	
  described	
  to	
  
SMD/STMD	
  


